The past thirty years have witnessed a remarkable change in knowledge regarding the importance of the nitrogenous portion of the ration. At the beginning of the twentieth century comparatively little quantitative information was available concerning the chemical make-up of proteins. The majority of the amino acids had been discovered prior to 1900, but very limited data existed concerning their relative distribution. Consequently, there appears to have been little appreciation of the fact that the nutritive value of a protein depends upon the kind and quantities of its components. Under the circumstances, it is not surprising that emphasis should have been placed upon the amount of protein ingested without much reference to possible differences in nutritive quality.
The advent of the Kossel and Kutscher34 procedure for the isolation of the diamino acids, and the Fischer20 ester method for the separation of the monoamino acids marked the beginning of a new era in knowledge not only of the chemistry of proteins, but indirectly of their physiological value as well. It was soon seen that proteins of different sources vary enormously as regards the proportions in which their constituent amino acids occur. Frequently, one or more amino acid was found to be missing entirely. Thus gliadin of wheat proved to be deficient in lysine; zein of corn was shown to be practically devoid of lysine and tryptophane; and gelatin was seen to be lacking in tryptophane, tyrosine, cystine, valine, isoleucine, and hydroxyglutamic acid (cf. Dakin14).
The recognition of these facts naturally raised the question as to the biochemical importance of the individual amino acids. Inasmuch as all of the generally recognized amino acids occur as components of tissue proteins, obviously each must be made available, either preformed in the diet, or by synthesis in the organism from other materials. Thus protein metabolism immediately became a much more complex phenomenon than was originally supposed. Instead of being concerned with a single dietary factor, it was now seen to involve each of the so-called "Bausteine" of proteins of which eighteen (including norleucine) had been discovered by 1912 Thus was provided the first conclusive demonstration that lysine is indispensable for the functions of growth. Abderhalden"2, and Wheeler"9 in Mendel's laboratory had already secured evidence for the unique importance of tryptophane. Abderhalden demonstrated that dogs upon a diet of casein freed of tryptophane lose nitrogen and decline in weight. The substitution of a ration containing the missing amino acid is followed by nitrogen equilibrium and the recovery of body weight. Wheeler observed that mice upon zein diets lose weight less rapidly and survive longer when tryptophane is incorporated in the food. The results obtained in the growth studies of Osborne and Mendel44 confirmed and extended the earlier investigations, and left no doubt as to the dietary importance of tryptophane. In such investigations, as was pointed out by the latter authors, "growth sets a standard decidedly higher than that of maintenance." Furthermore, it is not necessary to supply the missing amino acids in the free state. The supplementation of a zein diet with some other protein containing adequate quantities of lysine and tryptophane results immediately in growth (cf. Osborne and Mendel45) . Unquestionably, both lysine and tryptophane are indispensable dietary components. In the absence of either, nutrition fails and eventually death results.
In a similar fashion Osborne and Mendel46 showed that cystine is essential. When 18 per cent of casein is incorporated in an otherwise adequate ration young rats receiving such a food mixture grow at normal rates. When, however, the proportion of casein is progressively diminished cystine becomes the limiting factor. At a 9 per cent level, casein is incapable of inducing normal growth; but the addition of cystine renders the diet adequate, and growth ensues.
Data of this sort are shown in Chart II (Mendel"0 
Showing that cystine is the limiting factor in a diet containing 9 per cent of casein.
clude that the two amino acids are interchangeable in metabolism, but that at least one must be present in the diet. In so far as the indispensable nature of histidine is concerned, the experiments of Rose and Cox5,52 completely confirmed the findings of Ackroyd and Hopkins. On the other hand, the former were unable to demonstrate an interchangeable relationship between the two amino acids. The addition of arginine to the deficient diet exerted no influence upon growth even when the quantity added was more than equivalent to the sum of the arginine and histidine present in casein. In Evidence for the Dispensable Nature of Certain Amino Acids.
In contrast to lysine, tryptophane, cystine, and histidine, which are now generlly recognized as essential dietary components, evidence is available indicating that certain amino acids may not be necessary. It is well known that when benzoic acid is administered to man or to most animals it is conjugated with glycine, and is eliminated in the urine as hippuric acid. By measuring the maNimum production of hippuric acid in rabbits and goats Wiechowski70, Ringer49 and others report that the output of hippunc acid may carry more glycine than is found preformed in the proteins metabolized. The origin of the glycine is unknown, but McCollum and Hoagland3", Lewis36, and Shiple and Sherwin6" have shown that a considerable portion of the nitrogen which in the normal metabolic processes is converted into urea, may, after excessive doses of benzoic acid, be diverted to the synthesis of hippuric acid. These findings led to the general impression that glycine may be synthesized by the organism out of ammonia and non-nitrogenous materials, or from other amino acids. As further evidence in this direction the fact has sometimes been emphasized that casein, though low in glycine, serves admirably for purposes of growth in both man and animals (cf. Abderhalden"3). In like manner gliadin and zein, both of which are believed to be devoid of glycine, are made satisfactory for growth by suitable supplementation without the addition of glycine.
The evidence, however, is not all in favor of the dietary dispensability of this amino acid. Thus Griffith and Lewis24 25 have demonstrated that the rate of synthesis of hippuric acid in rabbits is closely dependent upon the supply of preformed glycine. The administration of the amino acid, or of proteins containing it, greatly accelerates the rate of detoxication of benzoic acid. On the other hand, the administration of amino acids other than glycine, or of proteins which are quite low in the latter, does not increase the rate of hippuric acid synthesis. More recently, Griffith22 23 has shown that the growth of young rats may be inhibited by the inclusion of benzoate in the diet unless glycine as such, or in the form of protein, is supplied in amounts sufficient to detoxicate the benzoate, and meet the needs of tissue synthesis. While the author believes that his data "support the idea that glycine is synthesized by animal tissues", evidently the synthesis is limited in extent. Apparently, the use of glycine for detoxication purposes may create a deficiency for the growth function unless an increased supply of the amino acid is provided. In the light of these investigations one must conclude that the prevailing idea that glycine may be formed practically ad libitum by the animal organism is at the present time scarcely warranted.
The relation of arginine to maintenance and growth has been the subject of several investigations. Reference has already been made to the papers of Ackroyd and Hopkins8 and of Rose and Cox51 62 involving the feeding of casein digests from which both arginine and histidine had been precipitated by silver sulfate and barium hydroxide. The latter authors pointed out that the ability of animals to grow upon diets in which the nitrogenous requirements were met by an arginine-low mixture of amino acids "must not be interpreted as indicating that arginine is an unnecessary component" of the ration, inasmuch as no definite information was available as to the completeness of its removal by the method employed. According to Abderhalden4 arginine is probably indispensable in nutrition. His investigation, involving the use of mixtures of purified amino adds, is in some respects remarkable; but owing to the difficulties experienced in the synthesis of the dietary components, the available materials were necessarily limited, and the feeding trials were few in number and of short duration. His results appear to be open to the further criticism that frequently his animals were provided with inadequate supplies of vitamins. Using an entirely different procedure, Crowdle and Sherwin"3 report that fowls are capable of synthesizing ornithine for the detoxication of benzoic acid. Birds, in contrast to most other animals, conjugate benzoic acid with ornithine and excrete the resulting ornithuric acid. Since ornithine is a component of arginine, the observation of Crowdle and Sherwin suggests that arginine also may be a synthetic product, at least in the species in question.
Additional evidence for the unnecessary nature of arginine was supplied by Bunney and Rose10 in experiments involving the use of hydrolyzed casein from which the amino add has been precipitated by flavianic add (Kossel and Gross3", and Kossel and Staudt"5). This reagent appears to effect a more nearly quantitative removal of arginine than does the older silver sulfate-barium hydroxide procedure. Despite this fact, the experimental animals which received the amino acid mixture at a 12 per cent level 'grew at practically normal rates. When the nitrogenous portion of the ration was decreased to 9 per cent, the increase in body weight occurred at about half the normal rate. The less rapid growth under the latter circumstance was not due to a deficiency of arginine, since the addition to the diet of the amino acid in question failed to accelerate growth. The authors state that the above results "are believed to point very strongly to the conclusion that arginine is not indispensable for normal nutrition." It must be admitted, however, that the traces of arginine which failed to be precipitated from the hydrolyzed protein, together with the amounts administered unavoidably in the vitamin supplement, may have been sufficient to meet the growth needs of the animals.
In view of the uncertainties inherent in the above experiments the arginine problem was attacked by a different method (Scull and Rose55) . This involved a comparison of the arginine intake of growing rats on an arginine-low diet and the increments in tissue arginine, in order to determine whether the latter may be accounted for by the amounts of the amino acid in the basal ration and vitamin supplement. For this purpose, hydrolyzed casein was rendered as nearly devoid of arginine as possible, and was incorporated in a diet which was administered ad libitum. At the beginning of the experiments, litter mates of the animals employed in the growth studies were killed and subjected to analysis in toto for arginine. The other members of each litter were killed and analyzed after they had received the experimental diet for a period of 64 days. In the meantime they had gained 73 to 113 gm. each. The results are summarized in Table I reproduced from the paper of Scull and Rose. The data show that without exception the increase in tissue arginine subject glutamine may be synthesized for the purpose of detoxicating phenylacetic acid, which in man is excreted in the urine as phenacetylglutamine. This observation has been confirmed by Shiple and Sherwin6", who state that the synthesis is accomplished at the expense of nitrogen which otherwise would appear in the excreta as urea. Furthermore, the latter investigators find that both glycine and glutamine may be synthesized simultaneously in man following the administration of a mixture of benzoic and phenylacetic acids. Hydroxyglutamic acid is usually listed as non-essential inasmuch as edestin, which presumably is devoid of this amino acid, supports normal growth (cf. Osborne and Mendel48 46 and Osborne, Leavenworth, and Nolan42).
Very little information is available concerning the possible nutritive importance of hydroxyproline. Sporer and Kapfhammer6' report that several vegetable products, notably soy-bean flour, do not contain detectable amounts of this amino acid. The authors suggest that in view of the quantitative importance of soy-beans in the dietaries of oriental peoples, hydroxyproline may not be an essential constituent. Recently West and Howe67 have described the isolation from liver extract of an acid which yields hydroxyproline and hydroxyglutamic acid on hydrolysis (cf. also Dakin and West"6). At first this material, which appears to be of the nature of a dipeptid or diketopiperazine, was thought to be the active agent in the liver causing the reticulocyte response in pernicious anemia. Later investigations indicate that this is probably not the case (West and Howe68). Under the circumstances it is not known whether the product plays a dominant role in nutrition or not.
The interpretation of the results of feeding experiments in which proline, hydroxyproline, and the dicarboxylic acids are supposedly absent from the diet is rendered difficult by the lack of delicate tests for these amino acids. In such investigations one must recall that even traces of a life essential may suffice to meet the growth requirements of the organism. It is possible that the prolines, glutamic acids, and the ornithine part of arginine may all be interchangeable in metabolism, or be capable of yielding a single essential. Thus if proline were necessary but absent from the food, one or more of the other four might be transformed into the missing amino acid, and thus prevent a dietary deficiency. The However, evidence in conflict with the latter conception has been reported by Dakin"5, and more recently by Shambaugh, Lewis, and Tourtellotte56. If phenylalanine is transformed into tyrosine as the first step in its metabolism, as Embden and Baldes believe, then both amino acids should yield the same intermediates in the body. According to Lewis and his associates this is not the case. But assuming that the two amino acids are normally catabolized by different paths, this fact does not exdude the possibility that in the absence of tyrosine from the diet phenylalanine might undergo oxidation in the benzene ring, and thereby yield sufficient tyrosine to meet the anabolic requirements. However, the problem of the interchangeability of the two amino acids must await convincing proof that the absence of either or both leads to nutritive failure. Totani", and Lightbody and Kenyon87 were unable to demonstrate any relationship between the growth of rats and the tyrosine content of the diet. The problem is complicated by the fact that no method exists for the complete removal of phenylalanine from hydrolyzed proteins.
The present status of knowledge regarding the relation of the amino acids to nutrition is summarized in Table II . Of the twenty Abderhalden' has suggested that alanine may be dispensable, and that norleucine and isoleucine may be unnecessary provided leucine is present in the food. But in our judgment the experimental evidence is much too meager to justify one in hazarding a guess as to the nutritive importance of these compounds. For this reason they are placed tentatively in the third group (Table II) . From a theoretical point of view it would be very remarkable if the leucines proved to be interchangeable. The fact that they all contain six carbon atoms is much less significant than is their structural dissimilarity in other respects. In a preliminary paper Jackson and Block28 have recently recorded the interesting observation that methionine may stimulate the growth of animals upon a cystine-deficient ration. However, the authors are not yet prepared to state that methionine is capable of satisfying the cystine requirements of the organism, but prefer to await the results of further experiments before drawing final conclusions.
The fundamental nature of investigations regarding the nutritive r8le of the individual amino acids need scarcely be emphasized. Obviously, adequate interpretation of the facts of protein metabolism, especially with respect to the growth process, will remain impossible until the importance of each amino acid has been determined. The problem of the protein requirements of man and of animals depends in ultimate analysis upon the demonstration of which amino acids are necessary, and in what quantities (cf. Osborne and Mendel"7 48 ). It appears that if further information of this sort is to be secured, either more adequate methods must be devised for the quantitative removal of single components of proteins, or else one must resort to the use of synthetic mixtures of highly purified amino acids. The latter procedure seems to be the more promising, and has already yielded results of considerable biochemical interest.
Feeding Experiments uith Mixtures of Purified Amnino Acids. Among the earlier attempts to substitute synthetic mixtures of amino acids in place of the protein of the diet is that of Abderhalden1. Dogs were employed as the experimental animals, and sixteen amino acids were incorporated in the food. Unfortunately, the experiments were complicated by the refusal of the animals to eat, or by vomiting and diarrhea. But for brief periods (6 to 8 days) the dogs are said to have been maintained in approximate nitrogen equilibrium.
Hopkins27 reports that rats which received a mixture of cystine, tyrosine, lysine, tryptophane, and histidine as the only nitrogen supply experienced a "remarkably slow loss of weight, and long maintenance of apparent health." When, however, leucine, valine, alanine, glycine, and glutamic acid were fed in place of the previous five, the losses in weight were rapid, and the animals soon succumbed. At about the same time Osborne and Mendel"8 described very briefly the results of similar experiments. They say (p. 2, foot-note):
"We have attempted to learn whether it would be possible to maintain rats on a non-protein diet with additions of tryptophane alone, or together with cystine, histidine, tyrosine, phenylalanine, proline, and ammonium citrate, or urea. All such attempts failed, even when the supply of energy in the form of non-protein substances was liberal and the food contained all of the necessary inorganic salts and 'food accessories', and in addition at least 0.5 per cent of protein, present in the 'protein-free' milk. On such diets the rats declined just as rapidly as when the amino-acid additions were not made."
In experiments involving the alternate feeding of (a) diets containing six to fifteen amino acids and (b) a nitrogen-free diet (except for the nitrogen present in 28 per cent of "protein-free" milk), Mitchell" succeeded in keeping mice alive for 70 to 98 days. During these periods the animals showed pronounced losses in weight. The author states that the alternate feeding induced a better total food consumption than did the administration of the amino acid ration alone. "However," he adds, "it is probable that in no case was the amino-acid intake sufficiently large to assure a fair test of its adequacy. " Reference has already been made to the extensive studies of Abderhalden' in which were employed diets containing mixtures of amino acids, glucose, fatty acids, glycerol, and inorganic salts, with and without the addition of yeast. In the absence of the latter the animals rapidly lost weight. With (Rose" ) that "the make-up of the amino acid mixture is not clear inasmuch as the author reports that it contained two parts of 'Pyrrolidinkarbonsaure' and five parts of 'Prolin'. The identity of these compounds introduces an element of uncertainty which prevents repetition of the experiments." In a personal communication, Professor Abderhalden states that the confusion in terms arises through a typographical error which had escaped his attention until he saw the criticism in question.
"Pyrrolidinkarbonsaure" should read "Pyrrolidonkarbonsaure". The writer is very glad indeed to take this opportunity of correcting the unfortunate error in Professor Abderhalden's paper.
Inasmuch as casein, in the above experiments, proved to be more effective in stimulating growth than did either gliadin or gelatin, an attempt was made to concentrate the active material by fractionating hydrolyzed casein. The results show that the fractions which contained respectively the less soluble amino acids, the dicarboxylic acids, the diamino acids, and the alcohol-soluble material (proline) were almost or completely devoid of activity. On the other hand, the monoamino acids supplied the growth essential in much greater concentration than did whole casein. Indeed, by a second fractionation of part of the monoamino acids a material was obtained which in 5 per cent concentration induced normal growth. The results are believed to provide conclusive proof for the presence in casein of an hitherto unrecognized dietary essential (Windus, Catherwood, and Rose72).
Since the publication of the above results we have successfully concentrated the active substance by other methods of casein fractionation. By the use of the Town6" copper salts procedure, we find the growth essential is present in the amino acids whose copper salts are soluble both in water and in anhydrous methyl alcohol (Caldwell and Rose, unpublished data). The best information available (cf. Brazier9, and Damodaran'7) indicates that the only known amino acids present in abundance in this fraction are valine, isoleucine, proline, and hydroxyproline. Of course, traces of others are undoubtedly present as contaminants since the procedure does not lead to an absolutely quantitative separation. The proline and most of the hydroxyproline have been removed by extraction of the free amino acids with absolute alcohol. Therefore, at the present time we believe that valine and isoleucine are the chief obstacles in the way of obtaining the growth essential in pure condition. The difficulty of separating valine and isoleucine from each other is well known to students of protein chemistry. But by the use of methods now being employed in this laboratory we hope to be able to remove both, and leave the desired product behind. If we are successful, it then will be possible to determine with certainty which of the known amino acds are essential for life.
In condusion, it should be pointed out that our unknown essential is not identical with aminobutyric acid (Foreman21, Abderhalden and Weil7), the amino acids described by Schryver and his associates53 54, or norvaline (Abderhalden and Bahn', Abderhalden and Reich'). Furthermore, feeding trials have shown that it is not a-methyl-a-amino-n-butyric acid, nor a-methyl-a-amino-n-valerianic acid, the other possible isomers of valine and leucine respectively.
